T he relation of the pelvis to the spine has previously been overlooked as a factor in sagittal balance. Studies have shown that certain structural features of the pelvis modulate and largely determine the degree of standing lumbar lordosis, as well as the sagittal pelvic alignment and spinopelvic balance. 4, 5, 15, 27 These relationships have been documented in adult volunteers 4, 5, 7, 15, 29 and in patients with spondylolisthesis. 6, 10, 11, 16, 22, 28 Spinopelvic alignment is now recognized as crucial in the assessment of an energy-efficient posture in both normal The treatment consisted of L4-sacrum reduction and fusion via a posterior approach, resulting in complete correction of lumbosacral kyphosis. Preoperative, 6-month postoperative, and final follow-up postoperative angular measurements were taken from full-spine lateral radiographs obtained with the patient in a standard standing position. Radiographic measurements included pelvic incidence, sacral slope, lumbar lordosis, and thoracic kyphosis. The degree of lumbosacral kyphosis was evaluated by the lumbosacral angle. Because of the small number of patients, nonparametric tests were considered for data analysis. reSultS Preoperative lumbosacral kyphosis and L-5 anterior slip were corrected by instrumentation. Transient neurological complications were noted in 5 patients. Statistical analysis showed a significant increase of thoracic kyphosis on 6-month postoperative and final follow-up radiographs (p < 0.001). A statistically significant decrease of lumbar lordosis was noted between preoperative and 6-month control radiographs (p < 0.001) and between preoperative and final followup radiographs (p < 0.001). coNcluSioNS Based on the authors' observations, this technique resulted in an effective reduction of L-5 anterior slip and significant reduction of lumbosacral kyphosis (from 69.8° to 105.13°). Due to complete reduction of lumbosacral kyphosis and anterior trunk displacement associated with L-5 anterior slipping, lumbar lordosis progressively decreased and thoracic kyphosis progressively increased postoperatively. Adjusting the sagittal trunk balance produced not only pelvic anteversion, but also reciprocal adjustment of lumbar lordosis and thoracic kyphosis, creating a satisfactory level of compensated global sagittal balance.
and disease states. Legaye et al. 15 have described pelvic incidence as a specific and constant pelvic anatomical parameter that determines pelvic orientation, as well as the degree of lumbar lordosis. Recent studies 13, 14, [17] [18] [19] 26, 28 have examined the correlation between an increased pelvic incidence and L5-S1 isthmic spondylolisthesis in adults and adolescents. In a spondylolisthesis patient with elevated pelvic incidence, the spine adapts with increased lumbar lordosis. 28 To prevent or limit sagittal imbalance, the spine may also compensate with increased pelvic tilt or pelvic retroversion in an attempt to maintain an upright posture. 26 While many different surgical strategies to correct high-grade lumbosacral spondylolisthesis have been reported, the overall effect of local surgical correction of lumbosacral imbalance on global correction of spinal balance remains unclear. 8 We present a cohort of adolescents with high-grade lumbosacral spondylolisthesis and severe lumbosacral kyphosis, in which surgical correction of lumbosacral imbalance resulted in progressive spontaneous improvement of global sagittal balance.
methods
The records of 15 consecutive patients who underwent surgical treatment between 2005 and 2010 for high-displacement developmental spondylolisthesis (HDDS) were reviewed. For each patient, clinical evolution from diagnosis to the final follow-up was noted.
The treatment consisted of L4-sacrum reduction and fusion via a posterior approach (Fig. 1) . Each patient was placed prone under general anesthesia. No intraoperative electrophysiological monitoring was used. After removal of the posterior arch of L-4, L-5, and S-1, extensive decompression of the L-4, L-5, and S-1 nerve roots was performed. At the same time, 2 pedicular screws (Xia Spinal System, Stryker Spine) were inserted through the L-4 and L-5 vertebrae. Two S-1 ascending multiplanar pedicular screws were then inserted and pushed anteriorly into the posterior part of S-1. Screw placement was controlled intraoperatively by fluoroscopy. L4-5 and L5-S1 discectomies were performed, and anterior interbody fusion was achieved using 2 Trabecular Metal TM-500 Implants (posterior lumbar interbody fusion, Zimmer France) in L4-5 and cancellous bone insertion in L5-S1. Reduction was then obtained by inserting intrasacral Vitallium rods (Xia Spinal System, Stryker Spine; 6-mm-diameter rods for patients weighing more than 35 kg and 4.5-mm-diameter rods for smaller patients). The rod was pushed down through the S-2 vertebral body and toward the anterior part of the S-2 vertebral body, and it was then contoured and progressively locked in by pedicular screws at L-4 and L-5 by means of 2 persuaders. Immediately postoperatively, patients were placed supine with their knees flexed. To prevent nerve root stretching, the knees underwent progressive extension during the first 5 days, and the standing position was achieved on Day 8. No additional bracing was needed. Full activities, including sports, were allowed at Month 4.
Preoperative, 6-month postoperative, and final followup postoperative angular measurements were taken from full-spine lateral radiographs obtained in a standard standing position. 27 The subject assumed a comfortable standing position, with the knees fully extended and the upper limbs raised horizontally forward at 45° of flexion at the shoulder, resting on 2 arm supports. The central ray was centered on the T-12 vertebra, and the film was exposed during inspiration. These radiographs visualized the complete axial skeleton between the external auditory ducts and superior third of the femurs.
Radiographic measurements included the classic angular parameters for assessing sagittal spinal balance: pelvic incidence, sacral slope, lumbar lordosis between the lower endplate of L-1 and the upper endplate of L-5, and thoracic kyphosis between the lower endplate of T-4 and the upper endplate of T-12. [26] [27] [28] [29] The degree of L-5 anterior slip was measured, and grades were defined according to Meyerding's classification. 21 We considered Grade 5 to be complete spondyloptosis of L-5. Lumbosacral kyphosis was evaluated according to the lumbosacral angle, which is the reciprocal of the slip angle described by Boxall and colleagues. 3, 26 
Statistical analysis
Measurements were performed by 2 senior surgeons (D.T. and R.V.) using the same computer-assisted technique (Kodak Carestream PACS) and were stored in a computer database. The data were analyzed using SPSS software (version 21.0, SPSS Inc.). Because of the small number of patients, nonparametric tests were considered for data analysis. A p value for Wilcoxon's rank test was considered significant if < 0.05.
results
A total of 15 patients with developmental lumbosacral spondylolisthesis were enrolled in the study. The patient population included 11 females and 4 males, ranging in age from 8 to 16.8 years (mean 13.2 years). The mean preoperative percentage of L-5 anterior slip was 73% (range 50%-100%). According to Meyerding's classification, 9 patients had a Grade 3 slip, 5 had a Grade 4 slip, and 1 patient had complete (Grade 5) spondyloptosis. Preoperative lumbosacral angle values ranged from 49° to 87° (mean 69.8°) and were consistent with severe lumbosacral kyphosis for all patients. The values of preoperative sagittal angular parameters are reported in Table 1 . The same angular values were taken 6 months postoperatively and are reported in Table 2 . At a mean follow-up of 3.8 years (range 2-7 years), the same angular values were noted and are reported in Table 3 .
Neurological complications were noted in 5 patients. An incomplete (motor strength 2/5) unilateral L-5 motor and sensitivity deficit occurred in 3 patients, and an incomplete unilateral L-5 (motor strength 2/5) and S-1 motor (motor strength 3/5) and sensitivity deficit occurred in 2 patients. At final follow-up (2-7 years), L4-S1 fusion was assessed based on the absence of mobility on lateral dynamic flexion-extension radiographs. No patient had persistent neurological deficit or radicular pain. Full neurological recovery was obtained between 2 and 18 months postoperatively. Postoperative complications included 5 instances of superficial wound dehiscence, requiring iterative closure and local care in 3 patients. Thirteen of the 15 patients had no functional limitation and no pain at final follow-up. Two patients had mild and occasional low-back pain, which presented after a day of sports or work.
Regarding the postoperative severity of spondylolisthesis, all 15 patients were classified as having a Grade 1 Meyerding slip (< 25%) at final follow-up (mean anterior residual slip of L-5 was 17%).
Statistical comparisons between the different angular values were made using a Wilcoxon's rank test and showed no significant differences between preoperative, 6-month, and final follow-up values of pelvic incidence, pelvic tilt, and sacral slope. Statistical analysis showed a significant increase in 6-month and final follow-up lumbosacral angle values compared with preoperative values (p < 0.001) (Fig. 2) . A significant increase in thoracic kyphosis was noted between the preoperative and 6-month radiographs (p < 0.001), which increased again between the 6-month and final follow-up radiographs (p < 0.001) (Fig. 3) . A statistically significant decrease in lumbar lordosis was noted between the preoperative and 6-month radiographs (p < 0.001) and between the preoperative and follow-up radiographs (p < 0.001) (Fig. 4) . The details of statistical study are reported in Table 4 .
discussion
During the past decade, many studies have reported relationships between spinopelvic morphology and spondylolisthesis. Duval-Beaupère and colleagues 5,15 described the pelvic incidence as a specific and constant pelvic anatomical parameter for each individual, which determines the orientation of the pelvis. In previous studies, we showed that pelvic incidence differed between healthy subjects and patients with HDDS, and that the observed difference tends to increase in a direct linear fashion as the severity of spondylolisthesis increases. 24, 26, 28 In HDDS, local deformity affects the overall posture of the patient, with pelvic retroversion causing flexion of the hip and knee joints and lumbosacral kyphosis leading to compensatory hyperlordosis of the adjacent lum- bar segments and hypokyphosis in the thoracic area. 23 In a previous study, we demonstrated deviations in the related measures of sagittal spinopelvic alignment (sacral slope, pelvic tilt, lumbar lordosis, and thoracic kyphosis) in adolescents with HDDS. These subjects stand with an increased sacral slope, pelvic tilt, and lumbar lordosis, but with a decreased thoracic kyphosis. Such sacral slope, pelvic tilt, and lumbar lordosis modifications are compensatory phenomena due to pelvic incidence increase and lumbosacral kyphosis in spondylolisthesis patients. 28 We demonstrated the same sagittal balance strategy in spondylolisthesis patients as in a control group, regarding negative correlations between pelvic incidence and sacral slope and between pelvic tilt and lumbar lordosis. Contrary to Labelle et al., 12, 13 we found that the decrease in thoracic kyphosis in spondylolisthesis patients was not a logical compensatory phenomenon due to lumbar lordosis increase. Our explanation of these thoracic kyphosis values is that, because of anterior trunk displacement associated with L-5 anterior slip, thoracic kyphosis decreases to avoid displacing the gravity line of the trunk anteriorly to the femoral heads. 28 Ideally, surgery in patients with HDDS should restore normal anatomy with minimal functional restriction. The goals of such treatment should be to relieve pain, to prevent slip progression, and to improve function. All of these goals may be achieved, in theory, by a solid fusion and a complete correction of sagittal trunk imbalance. For this reason, we designed a surgical strategy that combines reduction of lumbosacral kyphosis with anterior fusion via a posterior approach. Correction of lumbosacral kyphosis was very good compared with other published data in the literature, 2 and the fusion rate in our series proved to be optimal. In our experience, this technique produced both an effective reduction of L-5 slip (from 73% to 17%) and a significant reduction of lumbosacral kyphosis (from 69.8° to 105.13°). The use of L4-5 anterior interbody support and L5-S1 bone graft provided strong and stable fusion in all cases. This technique is currently our preferred treatment method for patients with significant lumbopelvic imbalance.
In the current study, we demonstrated that correction of pelvic retroversion and lumbosacral kyphosis had an immediate impact on pelvic alignment (lumbosacral kyphosis), as well as a progressive but major impact on lumbar lordosis and thoracic kyphosis above (Fig. 5) . Due to complete reduction of lumbosacral kyphosis and anterior trunk displacement associated with L-5 anterior slip, lumbar lordosis progressively decreased and thoracic kyphosis progressively increased postoperatively. The impact on the lumbopelvic morphology after surgical correction increased proportionally to the degree of lumbosacral kyphosis deformity. Adjusting the sagittal balance of the trunk produced not only pelvic anteversion, but also reciprocal adjustment of lumbar lordosis and thoracic kyphosis, up to a normal and compensated level of global sagittal balance.
Unlike evaluation of patients with surgically treatable scoliosis, which requires careful analysis of flexibility radiographs to predict the degree of spontaneous correction of adjacent curves, the potential postoperative sagittal improvement of HDDS patients remains difficult to appreciate due to hamstring and spine stiffness. 24, 25 However, our impression regarding our small patient cohort is this: the younger the patient, the faster the improvement in lumbar lordosis and thoracic kyphosis values. Further investigations are necessary to determine whether these compensatory phenomena could also be found in HDDS patients treated after skeletal maturity. 22 Although in situ fusion is an effective treatment for lower grades of pediatric spondylolisthesis, studies have reported that this technique results in a high rate of pseudarthrosis, slip progression, and persistent cosmetic deformity in HDDS patients. 2, 20 In patients with HDDS treated using in situ fusion, adjacent mobile segments in the upper lumbar spine, pelvis orientation, and thoracic spine compensate for the local sagittal imbalance of the lumbosacral junction. The result is a suboptimal, but satisfactory global sagittal balance of the trunk, even in the most severe grade of slipping. 28 We recognize that this study presents several shortcomings. First, this small group of patients has some inherent selection bias present. Nonetheless, this is a homogeneous group of patients with similar preoperative deformities and demographic differences, all treated by a single surgeon. Another potential criticism is that our postoperative evaluation was not uniform, especially regarding patient ages and the timing of the final follow-up. The variations in final evaluations preclude us from defining the exact kinetics and the optimal age or skeletal maturity regarding spontaneous sagittal modifications in our cohort. Finally, we did not use any global criteria to appreciate sagittal balance, such as the C-7 plumb line or T-1 sagittal offset; we only stressed the importance of an improved lumbar lordosis/thoracic kyphosis ratio with a good clinical standing posture in our patients.
Regarding mean values of pelvic incidence, pelvic tilt, and sacral slope, we found 6-month and final follow-up discrepancies, compared with the expected findings of pelvic incidence = pelvic tilt + sacral slope. In high-grade spondylolisthesis, severe dystrophic changes of the upper sacral endplate may cause technical difficulties in pelvic incidence and sacral slope measurement. 27 Additionally, the placement of intrasacral rods and screws could modify the position of anatomical landmarks. We also noted small differences in angular measurements between preoperative, 6-month, and final follow-up pelvic incidence values. In the same manner, we explain small variations between mean sacral slope and pelvic tilt values and deviations from the normal formula pelvic incidence = pelvic tilt + sacral slope regarding main values. However, case-by-case analysis regarding this formula is consistent with maintained reciprocal values, and pelvic incidence = pelvic tilt + sacral slope on preoperative, 6-month, and final followup radiographs in our patients.
conclusions
We postulate that our surgical strategy entails the most complete correction of the local deformity with the shortest possible fusion. Improved reduction of L-5 slippage and complete correction of lumbosacral kyphosis allow for progressive normalization of the overall sagittal profile. The load distribution in the adjacent segments is normalized, thus avoiding potential degeneration of adjacent discs. 1, 9 The potential benefits of restoring sagittal spinal balance must be weighed against the risks of reduction. In the case of high-grade slips, the risk of neurological deficit is the principal concern. Review of the neurological complications reported in published cases in which patients underwent substantial reduction and fusion for HDDS appear to compare favorably with those reported using other techniques. 2 The procedure is technically demanding and should be performed by spinal surgeons who are experienced in performing successful anterior and posterior fusions.
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